A chimeric Lhcb gene encoding lightharvesting chlorophyll a͞b-binding protein (LHCII) was expressed in transgenic tobacco plants. To separate native from recombinant LHCII, the protein was extended by six histidines at its C terminus. Recombinant LHCII was isolated by detergent-mediated monomerization of pure trimers followed by affinity-chromatography on Ni 2؉ -NTA-agarose (NTA is nitrilotriacetic acid). Elution with imidazole yielded recombinant monomers that formed trimers readily after dilution of the detergent without further in vitro manipulations. LHCII subunits showed the typical chlorophyll a͞b ratio at all steps of purification indicating no significant loss of pigments. Transgenic tobacco overexpressed amounts of recombinant protein that corresponded to about 0.7% of total LHCII. This yield suggested that expression in planta might be an alternative to the expression of eukaryotic membrane proteins in yeast. Recombinant LHCII was able to form two-dimensional crystals after addition of digalactolipids, which diffracted electrons to 3.6-Å resolution. LHCII carrying a replacement of Arg-21 with Gln accumulated to only 0.004% of total thylakoid proteins. This mutant was monomeric in the photosynthetic membrane probably due to the deletion of the phosphatidylglycerol binding site and was degraded by the plastidic proteolytic system. Exchange of Asn-183 with Leu impaired LHCII biogenesis in a similar way presumably due to the lack of a chlorophyll a binding site.
It is a challenging task to understand the relationships between the structure of photosynthetic proteins and their function at the atomic level. Crystallization of membrane proteins of the photosynthetic membrane led to the three-dimensional structures of bacterial reaction centers (1, 2) and bacterial photosystem I (3) by x-ray crystallography and to the structures of plant light-harvesting complex (LHCII; ref. 4) , and at lower resolution, of bacterial antenna complex (LH2; ref. 5 ) and bacterial light-harvesting complex I (LH1; ref. 6 ) by cryoelectron crystallography. These structural studies have been performed with naturally abundant proteins that can be purified in large quantities. Genetics and physiology in purple bacteria allowed to introduce mutations in the reaction centers at residues that are involved in electron transfer and to accumulate sufficient quantities of the recombinant complexes. Several mutants have been analyzed crystallographically at resolutions around 3 Å (7). In contrast, it has been frequently observed that high-level accumulation of recombinant membrane proteins of both eukaryotic and prokaryotic origin is still a major obstacle for biochemical and structural studies. Many membrane proteins were expressed, in homologous and heterologous systems, using Escherichia coli, Saccharomyces cerevisiae, Schizosaccharomyces pombe, and insect or mammalian cells at low levels only and often in denatured form (8) .
To study functional aspects of LHCII, it is necessary to produce quantities of recombinant antenna proteins that are sufficient for biophysical experiments. Only organisms synthesizing both chlorophyll a and b and carotenoids are able to correctly fold antenna protein-pigment complexes, as LHCII binds at least 12 chlorophylls, two carotenoid molecules, and two lipid species with different functions. In chlorophyll b-deficient plants, LHCII does not accumulate to normal levels as stabilization of the folded protein by chlorophyll b is missing (9) . Alternative attempts to express recombinant LHCII in nonphotosynthetic organisms, therefore, led to denatured protein that needs to be refolded and reconstituted in vitro with all necessary ligands (10, 11) .
It is expected that recombinant LHCII expressed in the nucleus of transgenic plants that are not depleted of LHCII will follow the same translocation and membrane integration events. However, endogenous LHCII proteins will accumulate as well. Therefore, recombinant LHCII must be modified in a way that makes it possible to separate native from recombinant complexes. We introduced a polyhistidine peptide at the C terminus of the LHCII monomer, designated LHCII-His 6 , which allows separation from native LHCII. By detergent-mediated dissociation of pure LHCII trimers, recombinant monomeric proteins were obtained from which only recombinant monomers were retained on a nickelchelating resin by affinity chromatography. These monomers could be reassembled into fully recombinant trimeric complexes and yielded two-dimensional (2D) crystals that diffracted electrons to 3.6-Å resolution. Mutations effecting binding of phosphatidylglycerol at position 21 and chlorophyll a2 at position 183 had dramatic influences on the amount of recombinant LHCII complexes. In both cases, the protein accumulation dropped to 0.004% and 0.01%, respectively, in comparison to thylakoid proteins, indicating that the biogenesis of LHCII was impaired by these mutations.
MATERIALS AND METHODS

Genetic Manipulation and Production of Transgenic Plants.
For Agrobacterium-mediated transformation a binary plasmid (based on pBIN19; ref. 12) was assembled carrying the cauliflower mosaic virus (CaMV) 35 S promoter, the transit sequence of a pea rbcS gene, and a chimeric Lhcb1-2 gene with an affinity tag and a polyadenylylation site. The promoter, transit sequence, and polyadenylylation site were derived from pJIT117 (13) . The N-terminal half of the Lhcb gene was constructed in frame from the following synthetic oligonucleotide primers according to (14) : A, 5Ј-AAAGTGCATGCGTAAGT-
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Abbreviations: LHCII, light-harvesting chlorophyll a͞b-binding protein; 2D, two dimensional; Chl, chlorophyll; OG, n-octyl ␤,Dglucopyranoside; DGDG, digalactosyl-diacylglycerol; MGDG, monogalactosyl-diacylglycerol; NTA, nitrilotriacetic acid; PG, phosphoglycerol; PS, photosystem; bR, bacteriorhodopsin. *To whom reprint requests should be addressed. CCTTGGTACGGACCAGATAGAGTTAAATATTTAGG-AC-3Ј; B, 5Ј-GTAGTCCCCGGGAAATTCTCCTGTGAGAT-AAGAAGGGCTTTCTCCGCTAAAAGGTCCTAAATAT-TTAACTC-3Ј; C, 5Ј-ATTTCCCGGGGACTACGGTTGGG-ATACAGCCGGTTTGAGCGCCGACCCAGAGACCTT-CAGTAAAAATAGAGA ACTCGA AGT TAT TCAT TC-TC-3Ј; D, 5Ј-GTTTCTGCTAAGAAGCTCAGGAAAAACG-CAGCCCAAGGCGCCCAACATAGCCCAACGAGAATG-AATAACTTC-3Ј; E, 5Ј-GCTTCTTAGCAGAAACGGAGT-TAAATTTGGAGAGGCTGTTTGGTTTAAAGCCGG-TAGCCAGATCTTCTCTG-3Ј; F, 5Ј-GACCAAGCTTGGGT-TACCA AGATAGTCCA AGCCGCCCTCAGAGA AGA-TCTGGCTAC-3Ј . The C-terminal part (3Ј of the second HindIII site, Fig. 1 ) was obtained from pscabIIC of pea (GenBank accession no. X56538) and its histidine tag was introduced via PCR using the primers A and His 6 5Ј-TTTGTCGACTTAATG-GTGATGGTGATGGTGT T T TCCGGGA ACA A AGT-TGG-3Ј. Sequencing of the chimeric Lhcb gene ensured the absence of undesired mutations. Transgenic plants were obtained according to (15) . Plants were analyzed for transgene expression using the rbcS transit sequence via PCR amplification with primers 5Ј-S (5Ј-ATGGCTTCTATGATATCC-3Ј) and 3Ј-S (5Ј-TTCACCTGCATGCACTTTACTCTTCCACC-3Ј) in the presence of [ 32 P]dATP. Mutations were introduced via PCR mutagenesis (16) . Arg-21 was replaced with Gln using primers R21Q (5Ј-GGACCAGATCAAGTTAAATAT-3Ј) and R21Q-rev (5Ј-ATATTTAACTTGATCTGGTC-3Ј). Asn-183 was replaced with Leu using the primers N183L (5Ј-GGAACTCAAGTT-GGGTAGATTAGC-3Ј) and N183L-rev (5Ј-GCTAATCTAC-CCAACTTGAGTTCC-3Ј).
CCGCAACAACCAAAAAGGTTGCCAGCAGCGGATCT-
Gel Electrophoresis and Immunodetection. SDS͞PAGE was performed as described (17) . Partially denaturing gels contained 0.1% SDS in the stacking gel and no detergent in the running gel (18) . Unless otherwise stated, green unstained gels are shown. Western blot analysis was performed as described (15) with the monoclonal anti-LHCII antibody MLH1 using ECL reagents (Amersham).
Preparation of Recombinant Trimeric LHCII-His 6 . LHCII was purified from tobacco plants as described (19) with the modification that membranes were solubilized in 2% Triton X-100 at a chlorophyll (Chl) concentration of 1 mg͞ml. Purified trimeric complexes were precipitated from sucrose gradients and dissolved at 3.5 mg of Chl per ml in 0.37% Triton X-100. Recombinant complexes were obtained by separation from endogenous native complexes on Ni 2ϩ -NTA-agarose (Quiagen, Chatsworth, CA; NTA is nitrilotriacetic acid). Trimeric LHCII was resuspended in loading buffer [0.8% n-octyl ␤,Dglucopyranoside (OG)͞100 mM Na 2 HPO 4 ͞10 mM imidazole) at a Chl concentration of 1.5-2.0 mg͞ml and incubated with the NTA-agarose for 1 h at 4ЊC. Unbound native complexes were removed with 10-20 vol of washing buffer (100 mM Na 2 HPO 4 ͞ 0.8% OG) and 2 vol of washing buffer supplemented with 40 mM imidazole. Retained complexes were eluted with 100-200 mM imidazole in 100 mM Na 2 HPO 4 ͞0.8% OG and precipitated (5 min, 14,000 ϫ g) by the addition of KCl to a final concentration of 300 mM. For quantitative experiments with mutant LHCII, solubilized thylakoid membranes were passed over the Ni 2ϩ -NTA-resin and LHCII was isolated with the same purity.
Pigment Determination. Chlorophyll a (Chla) and chlorophyll b (Chlb) values were determined in 80% acetone (20) . HPLC separation and quantitation of pigments extracted from LHCII in 100% acetone was performed (21) using the solvent system described as program I. The chromatographic system was a Waters model 626 system equipped with Waters model 996 photodiode array detector.
Disassembly and Oligomerization of LHCII. Monomerization of trimeric complex was achieved by detergent treatment. LHCII was incubated with Chl at 1 mg͞ml in the presence of 1.8-2% OG for 4-6 days at 29ЊC. Recombinant monomers were bound to Ni 2ϩ -NTA-agarose, washed, and eluted with 100-200 mM imidazole as described above. Trimerization of monomeric proteins was achieved by diluting OG below its critical micelle concentration and precipitation of the protein (10 min, 14,000 ϫ g) by the addition of KCl to a final concentration of 300 mM.
Lipid Determination. Lipids bound to isolated LHCII complexes were identified by 2D thin layer chromatography (TLC) on precoated silica plates (Silica Gel 60, Merck). Chromatograms were developed as described (22) . About 15-25 g of LHCII was usually enough to detect lipids and detergent by iodine vapor staining. Phospholipids were specifically detected by the molybdenum blue stain (ref. 23 ; Sigma spray reagent M3389). Galactolipids were identified by ␣-naphthol.
Crystallization and Structural Analysis. Experiments to form 2D crystals of fully recombinant trimeric LHCII-His 6 were based on method B (24) with some modifications (25) . For preparing the crystallization mixture LHCII-His 6 was reconstituted with lipids. Lipid concentrations ranged from 2.6 to 3.5 mg͞ml for digalactosyl-diacylglycerol (DGDG). A combination of DGDG and monogalactosyl-diacylglycerol (MGDG) was used at a ratio of 1:1 at around 2.6 mg͞ml. The final Chl concentration was adjusted to 0.85-1.0 mg͞ml; the glycerol concentration was 50%. Crystals formed in a volume of 40-50 l, and crystalline arrays merged into a larger lattice during incubation at 37ЊC for 3-5 h. Specimen preparation, recording of electron diffraction patterns, and cryoelectron microscopy were performed as described (24) .
RESULTS
Overexpression of LHCII in Transgenic Plants.
The homologous expression of LHCII in plants that produce naturally all necessary ligands like pigments and lipids is an approach that has not been attempted, to our knowledge. To understand structurefunction relationships and to prove the tentative assignment of Chla and Chlb to the identidfied ligand binding sites as proposed (4), we expressed in tobacco LHCII from pea for which the atomic model has been presented. The strong 35 S promoter was used to drive the expression of a chimeric Lhcb gene. The endogenous Lhcb transit sequence was replaced with that of rbcS from pea ( Fig. 1) . This peptide was shown to direct LHCII into chloroplasts and allowed correct assembly into LHCII and with PSII (26) . Transgenic plants were propagated on kanamycincontaining medium. To select transgenic plants expressing the chimeric Lhcb gene at high level, Northern blot analysis with the radioactively labeled rbcS probe was performed. Hybridization signals for 50 transgenic plants were quantitated directly from filter-bound RNA. Wild-type tobacco didn't show cross-reaction with the rbcS probe. Several plants were characterized by high steady-state levels of transgene mRNA showing similar intensities (Fig. 2) . All transgenic plants used in Fig. 2 were selected for further experiments, selfed for seed production, and grown under greenhouse conditions for 4-5 weeks prior to their harvest for LHCII isolation.
Purification of Histidine-Tagged LHCII by Affinity Chromatography. Leaves with a fresh weight of up to 450 g were (27) . LHCII contains only three histidines that are not adjacent to each other but located in transmembrane helix B (His-68), at the N-terminal end of helix C (His-120), and at the C-terminal end of helix D (His-212). LHCII was bound to the resin with continuous agitation. The resin was then packed into a column that was extensively washed. As LHCII is a green chlorophyll-binding protein, its isolation and purification could be followed visually (Fig. 3) . As predicted by the absence of nonadjacent histidines, native LHCII did not bind to the resin (Fig. 4) . This was also true for the largest amount of LHCII isolated from thylakoids of transgenic plants (Fig. 3) . Bound material was washed extensively with 40 mM imidazole-containing buffer prior to elution. Elution of the recombinant complex was observed with 100-150 mM imidazole, which structurally mimics the histidine side chain and competes with proteins for binding to the resin. The eluted complexes, in total roughly 1 mg of Chl, represented a mixture of native and recombinant monomers in a trimer. In a control experiment, solubilized thylakoids from wild-type tobacco were passed over the same column. No protein was retained after the wash. This system is therefore suitable for the purification of other membrane proteins expressed in plants.
Controlled Monomerization and Trimerization of LHCII.
The isolated trimers consisted only of one-third of the recombinant protein, the remainder being native tobacco LHCII. In a crystallographic analysis, any differences between recombinant and native LHCII would thus be obscured by the preponderance of wild-type protein. Trimeric LHCII can be dissociated with elevated concentrations of nonionic detergent and reassembled at reduced detergent levels (25) . Incubation with OG at a concentration of 1.8-2% for 4-6 days led to complete dissociation of trimeric into monomeric LHCII. Detergent concentrations above 2% eventually caused a gradual breakdown of the complex, as observed by loss of pigments. The monomers were characterized by a Chla͞Chlb ratio of 1.41-1.43 that was identical to that of wild-type trimers. Monomerized LHCII was bound to Ni 2ϩ -NTA-agarose using the conditions established for the isolation of trimeric complexes. The resin was washed with 20 bed vol of buffer and eluted with 150 mM imidazole (Fig. 5) . As expected, recombinant monomers represented one-third of the starting material, yielding 0.3 mg of Chl or roughly 0.6 mg of LHCII. The monomeric form reassociated readily into trimers upon dilution of the protein͞detergent mixture below the critical micellar concentration of the detergent, followed by salt precipitation (Fig.  6) . As judged by native gel electrophoresis the disassembly of oligomeric LHCII was almost fully reversible. A Chla͞Chlb ratio Lipid Content of LHCII-His 6 . LHCII-His 6 was distinguishable from native LHCII by its different composition of lipids. Native LHCII binds different concentrations of various lipids that fulfill different functions for two-and three-dimensional crystallization (25) . In LHCII-His 6 the glycolipids DGDG and MGDG were undetectable after 2D TLC (Fig. 7 ) because they were lost during detergent-mediated dissociation and affinity chromatography. Phosphatidylcholine was also stripped off the recombinant complexes. This lipid is believed to be located specifically in the chloroplast envelope. It was probably a contaminant that bound unspecifically to LHCII when thylakoid membranes were solubilized in detergent, as observed previously with native LHCII. Phosphatidylglycerol (PG) was the only lipid that remained tighly attached to the protein, even at high concentrations of non-ionic detergent. PG is thought to function as molecular glue between LHCII monomers (4), and reconstitution of completely delipidated LHCII monomers with PG is difficult to achieve (11) .
Crystallization and Electron Diffraction of Recombinant LH-CII-His 6 . Recombinant LHCII-His 6 lost most of its lipids but retained all pigments. Crystal formation of LHCII-His 6 required first trimeric protein and second a minimal set of lipids. Only trimers of LHCII could be crystallized, and PG was the essential mediator for the oligomerization of monomeric LHCII (25) . Additionally, DGDG was needed for the formation of 2D crystals (25) . To mimic the lipid environment of the thylakoid membrane, DGDG was added to the protein͞detergent mixture. The addition of DGDG only was sufficient to form crystals. Crystals from all protein preparations formed readily. However, without further optimization of growth conditions, crystals often stacked together and did not form lattices larger than 3 m in diameter. The following conditions yielded crystals reproducibly: LHCII-His 6 was used at a concentration of 0.9 Ϯ 0.1 mg of Chl per ml, the detergents NG and Triton X-100 were used at a final concentration of 0.1% and 0.22%, respectively, and the lipids DGDG and MGDG were added in a 1:1 ratio of 2.6 mg͞ml. The glycerol concentration was 50%, while the concentration of glycine were kept unchanged at 100 mM. This mixture was incubated for 2 days at 25ЊC and then at 37ЊC for at least 3-5 h.
These conditions yielded crystals that were large enough for recording electron diffraction patterns as one-third of all crystals formed were 5 m in size. For diffraction studies, crystals were embedded in 0.5% tannin and diffraction patterns recorded at Ϫ130ЊC. LHCII-His 6 diffracted to 3.6-Å resolution. Clearly, the histidine-tag did not interfere with 2D lattice formation. A typical electron diffraction pattern is shown in Fig. 8 . This resolution was close to the resolution of 3.2-3.4 Å, which was achieved routinely with native LHCII complexes.
Expression of PG-Free LHCII in Tobacco. There has been a long-standing debate whether monomeric or trimeric LHCII is the functional form in the thylakoid membrane. To provide in vivo data, we expressed mutant LHCII in tobacco. Based on biochemical evidence (25) and the results of in vitro reconstruction (28) , it is thought that residue 21 is involved in binding of the phosphatidyl head group of PG. Accordingly, we changed Arg-21 to Gln (R21Q) using site-directed mutagenesis. The mutated Lhcb gene was integrated into the tobacco genome. Northern blot hybridizations with the radioactively labeled rbcS transit sequence showed transgene expression (data not shown) that was comparable with expression observed earlier (see Fig. 2 ). LHCII was isolated from thylakoids and LHCII-R21Q separated on Ni 2ϩ -NTA-resin. Although expression of the transgene was high, protein accumulation of LHCII-R21Q dropped to low levels in comparison to LHCII-His 6 . To quantitate the accumulation of LHCII-R21Q, equal amounts of thylakoid membranes from plants expressing either LHCII-His 6 or LHCII-R21Q were passed over Ni 2ϩ -NTA-agarose. In comparison to thylakoids with LHCII-His 6 , less than 0.004% of LHCII-R21Q complexes accumulated in the membrane. Was LHCII-R21Q assembled with native LHCII monomers to form trimers despite its lack of PG? Isolated LHCII-R21Q was separated on native gels by electrophoresis and blotted onto nitrocellulose filters. Due to its low abundance LHCII-R21Q was detected immunologically. The Western blot showed that the amount of LHCII-R21Q that accumulated in the thylakoid membrane was not forming trimers but remained unassembled as monomeric LHCII (Fig. 9) . This result was confirmed with native stained gels (Fig. 9) after isolating LHCII-R21Q from about 300 mg of a pure LHCII mixture. These results provide additional evidence for the involvement of Arg-21 in PG binding, and for the importance of this lipid in trimer formation.
Expression of LHCII Devoid of One Chla Binding Site. The above mentioned expression studies demonstrated the value of in -NTA-affinity chromatography. Surprisingly, only very low amounts of LHCII-N183L accumulated in the thylakoid membrane. This result was also confirmed when solubilized thylakoid membranes instead of purified LHCII complexes were passed over the chelatingagarose column. The amount of LHCII-N183L accumulating in the membrane was less than 10% in comparison to LHCII-His 6 , accounting for only about 0.07% of native LHCII or 0.01% of thylakoid proteins. Nondenaturing gel electrophoresis demonstrated that LHCII-N183L was associated with native LHCII molecules forming trimeric complexes (Fig. 10) .
DISCUSSION
Homologous Expression of LHCII. The functional status of light-harvesting complexes is dependent on the correctly folded protein structure that is formed and maintained by the interaction of all available pigment binding sites with the protein moiety. Pigment complexes like the D1 protein of photosystem (PS) II can be expressed in E. coli as insoluble inclusion bodies and reconstituted in vitro with pigments to retain their native structures (29) . In vitro reconstituted LHCII has been analyzed by 2D crystallization and found to form 2D crystals with the same crystal symmetry as the native LHCII (11) . Due to the small amount of material recovered, it is difficult to optimize crystallization conditions for high-resolution electron diffraction. High resolution, however, is needed to identify chlorophylls and conformational changes due to mutations. Expression in E. coli and in vitro reconstitution was also achieved for bacteriorhodopsin (bR, ref. 30 ) and porin (31) . However, the properties of some mutant bR were dependent on whether bR was expressed in the native Halobacterium salinarium or in E. coli (32) . In vitro reconstituted mutant bR did not assemble readily into purple membrane patches (8) . To avoid these difficulties, we attempted to express LHCII in transgenic plants.
A chimeric Lhcb gene encoding LHCII from pea was transcribed from the strong 35 S CaMV promoter that allowed high level expression in wild-type tobacco (Fig. 2) , as LHCII-depleted mutants that could be used for transformation were not available. Expressed recombinant LHCII needed to be separated from native LHCII. Therefore, the apoprotein was extended genetically by a sequence encoding six histidines. Pure LHCII was obtained from transgenic plants by a standard protocol. Recombinant LHCII was isolated via affinity chromatography and dissocation͞reassociation of the oligomeric form of LHCII. Including all manipulations, 0.7% of total pure LHCII was recombinant. In vivo expression of LHCII in plants and in vitro manipulation of oligomeric LHCII complexes produced recombinant trimeric protein that formed well-ordered crystals even with its histidine-tag at the C terminus.
The established green expression system yielded recombinant LHCII to 0.21% of thylakoid proteins. This is still lower than the expression levels of some membrane proteins reported for yeast. For example, the plastidic triose phosphate translocator was expressed to a level of 1% of internal cell membrane proteins in S. pombe (33) . However, recombinant LHCII-His 6 might be expressed at a higher level in plants grown under conditions that enhance thylakoid grana formation or with LHCII-depleted mutants. Studies with bR demonstrated the value of deletion mutants for homologous expression. The level of bR expression in those cells reached about 40% (34) or even wild-type level (35) for several mutants. We therefore aimed for the expression of Lhcb genes in plants deficient of LHCII. However, mutants described in the literature miss either Chlb (9) or lack LHCII integration factors (36), both essential factors for the correct biogenesis of LHCII. Lhcb antisense approaches in tobacco (15) demonstrated the problem of repressing accumulation of LHCII.
Essential N-Terminal Arginine for LHCII Assembly. It has been widely proposed that the unusual fatty acid composition that characterizes chloroplast membranes is critical to the maintenance of photosynthetic function. It has been shown clearly that LHCII binds PG and in particular ␦3-trans-hexadecenoic acid (trans-C 16:1 ), which is always found esterified to the second position of PG (37) . In this report the importance of PG in the biogenesis of LHCII was challenged in vivo for the first time. We exchanged Arg-21 with the uncharged hydrophilic residue glutamine and integrated the mutant Lhcb gene into tobacco. Immunological analysis of affinity-selected LHCII-R21Q demonstrated that the mutation blocked the assembly of monomeric LHCII into trimeric LHCII (Fig. 9) . The low accumulation of LHCII-R21Q in thylakoids was, therefore, not unexpected and is consistent with other findings. The fadA mutant of Arabidopsis thaliana lacked detectable levels of the trans-C 16:1 fatty acid and had a compensating increase in palmitic acid (C16:0) without influencing thylakoid structure or energy transfer from LHCII to PSII (38) . The A. thaliana mutant act1 was characterized by a 15-20% reduction in PG and minor decreases in MGDG, DGDG, and sulfoquinovosylglycerol (SQ). This mutant, however, showed altered thylakoid organization and altered excitation energy transfer from antenna chlorophyll to PSII and PSI (39) . Although PG containing the specific trans-C 16:1 is apparently not required for thylakoid organization, a 15-20% reduction in the total amount of PG caused ultrastructural changes and reduced the accumulation of the PG-binding protein LHCII by 13% (39, 40) . trans-C 16:1 significantly protects trimeric LHCII against dissociation by SDS in vitro. Its exact role in vivo remains to be explored since the lack of trans-C 16:1 is easily compensated by palmitic acid. Even in vitro, trimeric LHCII can be reconstituted with dipalmitoyl-PG (11) instead of trans-C 16:1 . However, in vitro reconstitution of LHCII from its apoprotein and isolated pigments fails unless dipalmitoyl-PG is present (11) . Replacement of Arg-21 with Gln abolished trimerization of this mutant probably due to the deletion of the PG binding site (28) . LHCII-R21Q of this report had the same exchange and did not accumulate in the membrane at high level. PG could not be detected by 2D TLC. This provides strong evidence for trimeric LHCII being the only functional form for energy transfer from antenna to reaction center Chl. The nonfunctional monomer is probably degraded by the plastidic proteolytic system. Degradation in plastids was shown to take place for an assembly-deficient ribulose bisphosphate carboxylase (Rubisco) small subunit (41, 42) . Additionally, in Chlamydomonas mutants with 50% of wild-type PG (43), trimeric LHCII was absent. LHCII underlies progressive degradation that was illustrated by the continued accumulation of low molecular mass polypeptides that are immunologically related to LHCII (44) . The in planta expression of histidine-tagged recombinant LHCII highlighted the functional significance of PG and supported the data in greening plants (45) that suggested that monomeric LHCII is only a transient form during the assembly of the PSII antenna.
How Susceptible Is LHCII to Mutations in Vivo? Due to the lack of LHCII-deficient photosynthetic organisms that could be complemented with altered LHCIIs in planta experiments with mutant antenna complexes have not yet been performed. The result of in planta expression of LHCII-N183L was surprising to us. The yield of LHCII-N183L was unexpectedly low, even though LHCII-N183L accumulated in the thylakoid membrane and assembled into trimers. The effect of this mutation on the LHCII biogenesis remains unclear. Is Chla2 initiating͞supporting protein-pigment interactions or were conformational changes induced that prevented normal accumulation? The three transmembrane helices of LHCII provide the scaffold around which Chl and carotenoids are arranged. This scaffold was probed by chloroplast import assays with mutated precursor proteins of LHCII. His-120 and His-212, outside the central helix pair in a lumenal loop and in the amphipathic helix D, respectively, were not essential as the mutants LHCII-H120A and LHCII-H212A assembled with LHCII. His-68, located in helix B, was deleterious to LHCII assembly and rapid degradation was discussed (46) . Proteins in which charged residues were exchanged (K203E, E83R, and K203R) assembled into LHCII to almost wild-type levels (47) . However, when similar replacements were introduced into helix B [Arg-70 with Glu (R70E), Glu-83 with Lys (E83K)], R70E did not accumulate and E83K assembled in the complex to significantly reduced amounts only (46) . Interestingly, Arg-70 is essential for holding helices A and B together by interacting with Glu-180 whereas for Glu-83 no specific function has been assigned yet (4). It seems that plants do not tolerate mutations in LHCII effecting either structurally essential or less important residues in its central helices. This might explain the extremely high conservation of the LHCII sequence among photosynthetic organisms. It remains to be established whether the membrane insertion, oligomerization, LHCII interactions, or stability of LHCII-N183L were impaired in the LHCII biogenesis.
